To investigate the surface damage of a material by He ions, a dispersion-strengthened W-1wt%TiC alloy was irradiated by 5-keV He ions at 773 K, 973 K, and 1173 K up to an ion dose of 1.8 × 10 21 He m −2 , respectively. No He bubble formation was observed under transmission electron microscopy at any temperature for He doses less than 1.5 × 10 20 He m −2 . When this dose was exceeded, He bubbles grew and void swelling increased with increasing irradiation doses. Naturally, the growth of He bubbles and the void swelling became more pronounced with increasing irradiation temperatures. Compared
Introduction
Plasma-facing materials (PFMs) of fusion reactors are exposed to a high temperature, high flux of H and He particles, and neutrons with high energy. Therefore, the surface of PFMs is usually severely damaged. In addition, particles, such as H and He, penetrate from the surface to the inside of PFMs and get trapped by the defects induced by the plasma and neutron irradiation. Those result in the deterioration of mechanical characteristics of PFMs and affect the steady operation of plasma adversely. Therefore, it is required to develop high performance of PFMs to overcome the aforementioned problems. Although the high-melting point W attracts attention as a PFM, the embrittlement caused by the irradiation, recrystallization, and low temperatures becomes a major problem when using W. To improve the mechanical properties of W under irradiation, transition metal carbides such as TiC or oxides such as La 2 O 3 and Y 2 O 3 are generally added, which are the secondary-phase particles in W. The dispersion strengthening and grain refinement improved the low-temperature embrittlement and suppressed recrystallization [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In addition, recombination of irradiation defects was promoted with an increase in the density of the precipitation interface as a sink for irradiation defects. As a result, the irradiation resistance of W alloys was improved. It was reported that dispersion-strengthened W alloys possessed good ductility and radiation resistance [21] [22] [23] [24] [25] . However, the investigation on the irradiation resistance of W-TiC alloys is insufficient. In particular, there were few data on the interaction between He plasma and W alloys. In this study, we investigated the microstructural evolution of a W-TiC alloy irradiated by He ions at high temperatures.
Experimental procedure
The W-1wt%TiC alloy was prepared via the wet-chemical method instead of mechanical alloying (MA) to avoid the contamination caused by containers and balls used in MA. These impurities affect the mechanical properties of W alloys. In addition, the deformation caused by MA increases the number of cracks to develop during the preparation of W alloys. The wet-chemical method described in detail in Refs. [26, 27] overcomes the shortcomings of MA. In this study, the alloy was prepared by mixing (NH 4 ) 6 H 2 W 12 W 40 ·xH 2 O (AMT), nanoparticle TiC powders, and oxalic acid (C 2 H 2 O 4 ·2H 2 O) in an aqueous solution. The mixed solution was stirred continuously, and the precipitation of the precursor was facilitated by adding oxalic acid and heating at 453 K to evaporate the solution. The precursor powders were heated at a high temperature of 1073 K in the presence of the flowing high-purity hydrogen gas. Ultimately, the powders were pressed and sintered via spark plasma sintering (SPS) at ~ 2000 K. The produced alloy was cut into dimensions of 3 mm × 0.2 mm (thickness), and mechanically polished to obtain a mirror-like surface. Then, thin samples of the alloy were produced using a focus ion beam (FIB) method for transmission electron microscopy (TEM) observation. The samples were produced using FIB because it is difficult to prepare thin samples via an automatic electrolytic thinning method. Figure 1 shows the image of the W-TiC alloy sample produced using FIB apparatus and observed under scanning electron microscopy (SEM). Large TiC particles in W alloys were analyzed by energy-dispersive X-ray (EDX) spectroscopy in conjunction with SEM, as shown in Fig. 2 .
A 5-keV He + ion irradiation was conducted using an ion accelerator TEM (JEM-2010S), and thus, an in situ observation during the irradiation was performed. The irradiation was carried out at 773 K, 973 K, and 1173 K with an ion flux of 1.5 × 10 18 He m −2 s −1 , respectively. The total ion irradiation dose was 1.8 × 10 21 He m −2 . Figure 3 shows the damage and He-ion concentration produced by 5-keV He ion irradiation in a W-TiC alloy according to the calculation using the stopping and range of ion in matter (SRIM) code [28] , where the threshold displacement energy depending on the orientation was assumed to be 50 eV [29] . The peak damage and peak He concentration produced by 5-keV He + ion irradiation were approximately at 8 nm and 17 nm from the irradiation surface, respectively. After irradiation to the ion flux of 1.8 × 10 21 He m −2 , the damage and He concentration at the (Fig. 3) , the values of the void swelling and bubble density were obtained at a thickness of 80 nm. Consequently, the swelling was calculated as the average volume of He bubbles multiplied by the bubble density at a thickness of 80 nm. When the ion irradiation dose was as high as 4.5 × 10 20 He m −2 at 773 K, visible He bubbles were formed ( Fig. 4) . Then, as the irradiation dose increased, the density and size of He bubbles as well as void swelling increased. The average sizes of He bubbles were 1.2 and 2.4 nm after irradiation doses of 4.5 × 10 20 He m −2 and 1.8 × 10 21 He m −2 , respectively.
Results and discussion
As the irradiation temperature increased to 973 K, the amount of the irradiation dose required to form visible He bubbles decreased to 1.5 × 10 20 He m −2 , as seen in Fig. 5 . Although the void swelling increased with increasing irradiation doses, the density of He bubbles increased initially with increasing irradiation dose of up to 4.5 × 10 20 He m −2 , but decreased thereafter. Compared to the irradiation at 773 K, the densities of visible He bubbles were lower for the irradiation at 973 K. The average sizes of He bubbles were 1.2, 2.4, and 3.5 nm after irradiation doses of 1.5 × 10 20 , 4.5 × 10 20 , and 1.8 × 10 21 He m −2 , respectively.
The dose dependencies of the He bubble density and the void swelling of the irradiation at 1173 K were the same as those of the irradiation at 973 K, as seen in Fig. 6 . Specifically, the He bubble density increased with the increasing irradiation dose of 1.5 × 10 20 to 4.5 × 10 20 He m −2 , but decreased thereafter. In addition, the He bubble density at each dose was lower than that of irradiation at 973 K. Furthermore, the void swelling increased with the increasing irradiation dose at 1173 K. The average sizes of the He bubbles were 2.0, 3.2, and 7.5 nm after irradiation doses of 1.5 × 10 20 , 4.5 × 10 20 , and 1.8 × 10 21 He m −2 , respectively. In addition, as shown in Figs. 4, 5, and 6 , the size of He bubbles increased with increasing irradiation temperatures at the same irradiation dose. In particular, the increase in the size of He bubbles was remarkable at an irradiation dose Similar studies were already conducted for the W-La 2 O 3 alloy [25] , which is another dispersion-strengthened W alloy. Compared to the alloy employing La 2 O 3 as the secondaryphase particle, the amount of He bubble formation is lower in the alloy employing TiC particles. However, the suppression effect of He bubble formation was significant when the irradiation dose and irradiation temperature were low. In other words, as the irradiation dose and temperature increased, the suppression effect decreased. In addition, commercial pure W was used to investigate the formation of He bubbles and void swelling [25] . It was found that commercial pure W had a higher density than that of W produced via SPS used in this study. A low density implies that several structural vacancies exist in the produced alloy, so the He bubbles are easily formed and the void swelling is high in low-density W alloys. The He bubble densities and swelling values for commercial pure W after irradiation of 7.5 × 10 19 , 1.5 × 10 20 , 4.5 × 10 20 , and 1.8 × 10 21 He m −2 were 3 × 10 23 , 5 × 10 23 , 3.8 × 10 23 , and 4 × 10 23 m −3 , and 0.064%, 0.32%, 0.6%, and 4%, respectively [25] . The void swelling of the W-TiC alloy irradiated at 1173 K up to an ion dose of 1.8 × 10 21 He m −2 was 2.5% (Fig. 7c) , which is lower than the void swelling (4%) of commercial pure W, irradiated under the same conditions. The addition of the secondary-phase particles (TiC) decreased the forming He bubbles and void swelling, due to the recombination of interstitials and vacancies formed by irradiation at the interface of TiC particles. As shown in Fig. 6 , the He bubble distribution of the W-1wt%TiC alloy was nonuniform, suggesting that the added TiC nanoparticles were heterogeneous in the same alloy. Therefore, to obtain a uniform TiC nanoparticle distribution, 
Conclusion
A dispersion-strengthened W-1wt%TiC alloy was fabricated via SPS. Surface damage of W-1wt%TiC alloys induced by He plasma was investigated using an ion accelerator TEM. Here, the TiC nanoparticles suppressed the formation of He bubbles and decreased the void swelling during irradiation of 5-keV He ions at 773 K, 973 K, and 1173 K, respectively. However, this suppression effect weakened as the irradiation temperature and irradiation dose increased.
